Introduction {#s1}
============

The development of acute and chronic radiation-induced skin injuries is a common side effect of radiation therapy (RT). Acute radiation dermatitis (RD), with reactions evident one to four weeks after the beginning of RT, may limit the duration of treatment and the dose delivered ([@B1], [@B2]). The severity of adverse dermatologic events ranges from mild erythema to moist desquamation and ulceration, impacting on the quality of a patient\'s life ([@B3]). Acute RD occurs most frequently after RT of breast, pelvic (e.g., anal cancer, vulvar cancer) and head and neck malignancies, while lower incidence is reported for deeper tumors as lung cancers ([@B4]).

Thanks to the advent of high-energy photon RT, which provide more skin sparing treatments compared to older ones with lower energy treatment machines, a general reduction in RD incidence and severity has been achieved in the past decades. Still, RD remains one of the significant adverse effect of RT.

The introduction of most modern treatment modalities, such as intensity modulated RT (IMRT) or proton beam therapy, has nowadays changed the dose distribution patterns in the normal tissues surrounding the tumors ([@B5], [@B6]). Accordingly, advanced RT techniques have generally reduced the burden of radiation related risks, included skin toxicity ([@B7], [@B8]). The substantial sparing of organs-at-risk from proton beams compared to IMRT is expected to theoretically further reduce radiation-induced morbidity ([@B9]). However, the risk of a potential increase of skin toxicity has long been considered a peculiar drawback in the clinical use of protons. The higher beam entry dose of the spread-out Bragg peak represents a disadvantage for the skin; thus causing concern over a possible increase in skin adverse effects ([@B10], [@B11]).

The skin response to radiation has been studied since the discovery of X-rays ([@B2], [@B12]). Multiple patient-specific and dosimetric features have been identified as risk factors for acute skin toxicity after RT for diverse tumor locations, in particular breast ([@B7], [@B13], [@B14]), head and neck ([@B15]) or brain tumors ([@B16]). Notwithstanding this, normal tissue complication probability (NTCP) modeling of skin toxicity is still not fully explored. In addition, the available NTCP models are mostly designed for dose-volume histogram (DVH) from a target volume (e.g., breast) ([@B17]--[@B20]) or are based on DVH from a pseudo-skin structure defined as a layer of 2-5 mm inward from the body contour ([@B15], [@B21], [@B22]). A different approach could directly consider the surface phenomena connected to the actual organ at risk, i.e., the skin ([@B23]).

In the present study, we analyzed the incidence of acute RD in thoracic cancer patients treated with Intensity-Modulated RT (IMRT) or Passive Scattering Proton Therapy (PSPT) on a completed prospective randomized trial ([@B24]), and we developed NTCP models for severe acute RD. The model procedure was based on the introduction of a fully automated method for skin definition as a critical organ. Both the Lyman-Kutcher-Burman (LKB) and multivariable logistic regression modeling strategies were adopted.

Methods and Material {#s2}
====================

The study involved 225 patients with locally advanced Non-Small-Cell Lung Cancer (NSCLC) enrolled in the trial NCT00915005. One hundred sixty-six patients were eligible for the present analysis. The eligibility criteria included acute RD follow-up data and availability of dose maps. All patients were treated according to an IRB approved protocol (NCT00915005) with image-guided IMRT (103 patients) or PSPT (63 patients) to a prescribed dose of 66 or 74 Gy (RBE) in 33 or 37 conventional daily fractions delivered with concurrent chemotherapy (CHT). The typical three-field arrangement was used for all PSPT plans ([@B24]). Typically, a posterior and lateral beams plus an oblique beam that avoids lung parenchyma in its exit dose ([@B25]). In the IMRT plans, six to nine equidistant, coplanar, axial 6-MV beams were usually used ([@B26]).

Details of the protocol, patient and treatment characteristics are reported elsewhere ([@B27], [@B28]). All dose maps were obtained with a dose grid size of 2.0 × 2.0 × 2.5 mm^3^.

For each patient, acute RD was assessed as the maximum score recorded during the treatment and within 90 days after RT. The RD was graded according to the National Cancer Institute\'s Common Toxicity Criteria for Adverse Events (CTCAE) version 3 into the following groups:

1.  *Grade 1*: Faint erythema or dry desquamation

2.  *Grade 2*: Moderate to brisk erythema; patchy moist desquamation, mostly confined to skin folds and creases; moderate edema

3.  *Grade 3*: Moist desquamation in areas other than skin folds and creases; bleeding induced by minor trauma or abrasion

4.  *Grade 4*: Life-threatening consequences; skin necrosis or ulceration of full thickness dermis; spontaneous bleeding from involved site; skin graft indicated.

Dosimetric Analysis
-------------------

For each patient, individual DICOM RT plans (computed tomography (CT) scans, doses, and contoured organ structures) were converted into Matlab-readable format (MathWorks, Natick, MA, USA) using the CERR (Computational Environment for Radiotherapy Research) software ([@B29]).

The epidermis (skin) was automatically defined by an in-house segmentation algorithm developed on purpose. In detail, the body contour was first corrected applying a Hounsfield unit thresholding over a moving window to exclude possible contribution from treatment bed. The resulting structure Ω was then eroded by 3 mm \[i.e., approximately the mean skin thickness ([@B30])\]; the skin was then obtained subtracting from Ω its erosion ([Figure 1](#F1){ref-type="fig"}) according to the following equation
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where *B*\[*r*\] is a spherical structuring element of radius *r*, \\ represents the set difference, and ⊝ stands for morphological erosion ([@B31]).

![Pictorial representation of the skin segmentation and dose-surface histogram extraction.](fonc-10-00344-g0001){#F1}

The absolute dose-surface histograms (DSHs) of the skin thus extracted were computed by an in-house developed library for Matlab ([@B23]) according to
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The relative DSH were obtained using the Body Surface Area (BSA) index as scaling factor. The BSA index was calculated according to
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Where *W* and *H* are patient\'s weight and height respectively ([@B32]).

The following DSH metrics were extracted: the relative skin surface receiving more than *X* Gy (*S*~*x*~) in step of 1 Gy, the minimum dose given to the hottest *x*% skin surface in step of 5% (*D*~*x*~), the skin near maximum dose (*D*~2%~) and the mean dose (*D*~mean~).

Statistical Analysis
--------------------

Acute RD was analyzed according to its severity, i.e., grade 3 (G3) RD vs. G0-G2 RD. All the extracted skin dose parameters along with patient-specific and treatment-related factors were analyzed by univariate statistical methods for the above defined grouping. Categorical variables were tested by Pearson\'s χ^2^-test or Fisher\'s exact test when appropriate; continuous variables were tested by Mann-Whitney *U*-test.

Average relative DSHs stratified by treatment modality and toxicity endpoints were compared at each dose point by two-tailed *t*-test. A significance α-level of 0.05 corrected according to the Holm--Šidák method for multiple comparison was applied ([@B33]).

Normal Tissue Complication Probability Modeling
-----------------------------------------------

For the defined endpoint, two different NTCP modeling approaches were applied: the LKB model, built on generalized equivalent uniform dose (gEUD) ([@B34], [@B35]) and recast for DSHs ([@B23]), and the multivariable logistic model. The LKB model parameters (TD~50~, *m* and *n*) and their 95% confidence intervals (CIs) were fitted as described in ([@B36]). TD~50~ is the value of the uniform dose given to the entire organ surface corresponding to the 50% probability to induce toxicity; *m* is inversely proportional to the slope of the dose-response curve; and *n* accounts, in this specific case, for the surface effect (*n* close to 0 meaning weak surface effect, *n* close to 1 strong surface effect). Briefly, the Maximum Likelihood method was used to find the best-fit values of the LKB parameters by maximizing the logarithm of the likelihood (LLH). The LLH function was numerically maximized by the Nelder-Mead Simplex Method using an in-house developed library for Matlab. Ninety-five percent confidence intervals for parameters estimates were obtained using the profile likelihood method.

In order to evaluate the possible impact of dosimetric and non-dosimetric factors, the multivariable stepwise logistic regression method for NTCP modeling was also applied ([@B37], [@B38]). In the multivariable analysis were included only the variables highly correlated with RD (*p* \< 0.1 at the univariable analysis) that were not collinear (correlation \|Rs\|\<0.75) with variables more correlated with RD.

The Leave-One-Out (LOO) method was applied to the whole statistical pipelines to cross validate the models.

Model performance was evaluated by the area under the receiver operating characteristic (ROC) curve (AUC) and by balanced accuracy ([@B39]). Cut-off values on the ROC curve were determined by Youden\'s J statistic ([@B40]). Calibration plots were also generated for graphical assessment of the agreement between observed outcome and LOO prediction.

Results {#s3}
=======

Of the 166 patients, 118 (71%) developed acute RD of any grade; fifteen of 166 (9%) patients developed G3 RD. In particular, 71 (69%) of IMRT patients developed a RD of any grade compared to 47 (75%) of PSPT patients; G3 RD occurred in 8 IMRT (8%) and 7 (11%) PSPT patients, respectively. The distribution of RD grades for each treatment modality is reported in [Figure 2](#F2){ref-type="fig"}. There were no cases of grade 4 toxicity.

![Distribution of radiation dermatitis (RD) grades for patients categorized by treatment modality \[Intensity Modulated Radiation Therapy (IMRT) vs. Passive Scattering Proton Therapy (PSPT)\].](fonc-10-00344-g0002){#F2}

No significant differences were found in the distribution of clinical and disease factors between patients classified according to the treatment modality ([Table 1](#T1){ref-type="table"}). In addition, the univariate analysis did not show significant correlations between treatment modality and the incidence of RD categorized for any grade threshold (grade ≥ 1: *p* = 0.48; grade ≥ 2: *p* = 0.19; grade ≥ 3: *p* = 0.58).

###### 

Comparison of clinical and disease characteristics between patients classified according to treatment modality.

  ----------------------------------------------------------------------------------------------------------------------
                              **IMRT**\            **PSPT**\            ***P*-value[^\*^](#TN1){ref-type="table-fn"}**
                              **(103 patients)**   **(63 patients)**    
  --------------------------- -------------------- -------------------- ------------------------------------------------
  **Continuous variables**    **Median (range)**   **Median (range)**   

    Age at RT (yr.)           65 (30--85)          67 (39--80)          0.12

    GTV Volume (cm^3^)        80.5 (5.8--686.6)    71.0 (1.9--651.8)    0.92

    Weight (Kg)               78.2 (48.0--131.4)   81.5 (47.2--122.5)   0.23

    Height (cm)               176 (163--180)       176 (164--178)       0.82

    BSA (m^2^)                1.95 (1.50--2.43)    1.96 (1.48--5.43)    0.43

  **Categorical variables**   **N (%)**            **N (%)**            

  **Gender**                                                            0.87

    Female                    46 (45)              27 (43)              

    Male                      57 (55)              36 (57)              

  **Tumor localization**                                                0.49

    Left lung                 32 (33)              24 (40)              

    Right lung                65 (67)              35 (60)              

    Lower lobe                23 (24)              20 (34)              0.34

    Middle lobe               5 (5)                3 (5)                

    Upper lobe                69 (71)              35 (58)              

  **Prescribed dose**                                                   0.19

    66 Gy                     44 (43)              20 (32)              

    74 Gy                     59 (57)              43 (68)              

  **Smoking**                                                           0.37

    No                        10 (10)              3 (5)                

    Yes                       93 (90)              60 (95)              

  **Radiation Dermatitis**                                              0.6

    Grade 0                   32 (31)              16 (25)              

    Grade 1                   37 (36)              27 (43)              

    Grade 2                   26 (25)              13 (21)              

    Grade 3                   8 (8)                7 (11)               
  ----------------------------------------------------------------------------------------------------------------------

*RT, Radiation Therapy; GTV, Gross Tumor Volume; yr., year; BSA, Body Surface Area; IMRT, Intensity Modulated Radiation therapy; PSPT, Passive Scattering Proton Therapy*.

*Mann--Whitney U test for continuous variables and χ^2^ test for categorical variables*.

The analysis of average skin DSH in patients stratified by treatment modality ([Figures 3A,C](#F3){ref-type="fig"}) showed that PSPT, compared to IMRT, significantly reduced the skin surface receiving low doses (\<12 Gy). An opposite behavior can be observed in the range from 25 to 55 Gy. Average skin DSHs of patients with and without G3-RD showed instead a significant separation between the two curves starting from the dose value of 5 Gy ([Figures 3B,D](#F3){ref-type="fig"}).

![**(A)** Average skin Dose Surface Histograms (DSHs) ± SEM (Standard Error of the Mean) normalized to Body Surface Area (BSA) in patients treated with Intensity Modulated Radiation Therapy (IMRT) and Passive Scattering Proton Therapy (PSPT); **(B)** Average skin DSHs ± SEM normalized to BSA in patients who developed severe (G3) radiation dermatitis (G3-RD) and who did not. SEM are plotted as dashed lines. **(C)** Semi-logarithmic plot for the two-tailed *t*-test between DSH values for PSPT and IMRT at each dose point; **(D)** Semi-logarithmic plot for the two-sample *t*-test between DSH values for G3-RD and unaffected patients. In **(C,D)** blue line for two-tailed *t*-test *p*-value, and red line for α-level of 0.05 corrected for multiple comparison according to Holm--Šidák method.](fonc-10-00344-g0003){#F3}

At univariate analysis for patients stratified according to G3 RD ([Table 2](#T2){ref-type="table"}), all the *S*~*x*~ metrics for doses greater than 5 Gy were significantly correlated with G3-RD; among the clinical variables, total gross tumor volume (GTV) size was the only non dosimetric factor significantly correlated with severe RD (*p* = 0.027).

###### 

Patient, treatment characteristics, dosimetric parameters and univariate analysis against acute grade 3 radiation dermatitis (G3 RD) status.

                              **No G3 RD**         **G3 RD**             ***P-*value[^\*^](#TN1){ref-type="table-fn"}**
  --------------------------- -------------------- --------------------- ------------------------------------------------
  **Continuous variables**    **Median (range)**   **Median (range)**    
  Age at RT (yr)              66 (33--85)          62 (37-74)            0.13
  GTV (cm^3^)                 71.9 (1.9--686.6)    139.3 (12.2--599.2)   0.03
  Weight (Kg)                 80 (47--129)         84 (59--131)          0.78
  Height (cm)                 176 (162--180)       176 (166--180)        0.38
  BSA (m^2^)                  1.94 (1.48--2.41)    2.02 (1.63--2.43)     0.36
  S~5Gy~ (%)                  2.8 (0.7--6.0)       3.9 (1.7--6.6)        0.02
  S~10Gy~ (%)                 1.9 (0.3--3.9)       2.5 (1.5--4.4)        \<0.001
  S~15Gy~ (%)                 1.3 (0.1--2.9)       2.3 (0.1--3.1)        \<0.001
  S~20Gy~ (%)                 0.8 (0.0--2.2)       1.5 (0.7--2.4)        \<0.001
  S~25Gy~ (%)                 0.5 (0.0--2.0)       1.0 (0.3--1.9)        \<0.001
  S~30Gy~ (%)                 0.3 (0.0--1.1)       0.8 (0.3--1.8)        0.001
  S~35Gy~ (%)                 0.1 (0.0--0.1)       0.5 (0.0--1.7)        \<0.001
  S~40Gy~ (%)                 0.02 (0.00--0.10)    0.3 (0.0--1.6)        \<0.001
  S~45Gy~ (%)                 0.00 (0.00--0.01)    0.01 (0.00--1.50)     \<0.001
  **Categorical variables**   **N (%)**            **N (%)**             
  Gender                                                                 0.43
  Female                      68 (45)              5 (33)                
  Male                        83 (55)              10 (67)               
  Tumor localization                                                     0.40
  Left lung                   48 (34)              7 (47)                
  Right lung                  92 (66)              8 (53)                
  Lower lobe                  39 (28)              4 (27)                0.32
  Middle lobe                 6 (4)                2 (13)                
  Upper lobe                  95 (68)              9 (60)                
  RT modality                                                            0.58
  IMRT                        95 (63)              8 (53)                
  PSPT                        56 (37)              7 (47)                
  Smoking                                                                1.00
  No                          12 (8)               1 (7)                 
  Yes                         139 (92)             14 (93)               

RT, Radiation Therapy; GTV, Gross Tumor Volume; yr., year; BSA, Body Surface Area; IMRT, Intensity Modulated Radiation therapy; PSPT, Passive Scattering Proton Therapy; S~X~ (%), percentage skin surface receiving more than X Gy.

*Mann--Whitney U-test for continuous variables and χ2 test for categorical variables*.

From NTCP model training, LKB model resulted in the following parameters: TD~50~ = 9.5 Gy (95% CI: \[5.9, 18.4\] Gy), *m* = 0.24 (95% CI: \[0.17, 0.35\]), *n* = 0.62 (95% CI: \[0.36, 0.92\]). Model performance metrics for both training and LOO cross validation were reported in [Table 3](#T3){ref-type="table"}.

###### 

Normal tissue complication probability (NTCP) model performances for acute grade 3 radiation dermatitis (G3-RD); 95% confidence interval are in brackets.

                                   **G3-RD NTCP Model**   
  -------------------------------- ---------------------- ---------------------
  **Performance**                  **LKB**                **MV Logistic**
  AUC                              0.82 \[0.66, 0.90\]    0.85 \[0.72, 0.94\]
  Accuracy                         0.67                   0.93
  Balanced accuracy                0.76                   0.78
  CV-AUC                           0.78 \[0.62, 0.88\]    0.79 \[0.60, 0.90\]
  CV-Accuracy                      0.69                   0.91
  CV-Balanced accuracy             0.74                   0.77
  CV-calibration slope (±SE)       0.76 ± 0.19            1.03 ± 0.23
  CV-calibration intercept (±SE)   0.008 ± 0.028          −0.003 ± 0.039

*LKB, Lyman-Kutcher-Burman; M, Multivariable; SE, Standard Error; AUC, Area under the ROC curve; CV, cross-validation*.

Regarding the logistic modeling, after the variable selection procedure, multivariable modeling resulted in a single variable model including *S*~20Gy~ (OR = 31.4, 95% CI: \[7.5, 131.7\], constant = −6.34± 1.03). The ROC analysis identified that the optimal cut-off for *S*~20Gy~ was 1.1% of the BSA.

Similarly, to the LKB model, the logistic model achieved high prediction performances as shown by the AUC values reported in [Table 3](#T3){ref-type="table"}. LOO cross validation confirmed good prediction and calibration performances ([Table 3](#T3){ref-type="table"} and [Figure 4](#F4){ref-type="fig"}). Notably, the balanced accuracy demonstrated a good generalization score and a robust prediction capability despite data imbalance.

![Cross-validated ROC curves of **(A)** Lyman-Kutcher-Burman (LKB) model and **(B)** multivariable logistic regression model (FPR: False Positive Rate, TPR: True Positive Rate); cross-validated calibration plot of **(C)** LKB model and **(D)** logistic model; risk curves with the observed fraction of complications from the data grouped in bins for **(E)** LKB model and **(F)** logistic model. In **(C--F)** the error bars for the reported values represent the 68% confidence intervals.](fonc-10-00344-g0004){#F4}

Discussion {#s4}
==========

The treatment of choice for many thoracic cancers, such as NSCLC, consists in RT given with either concurrent or sequential CHT ([@B10], [@B41]). Radiation induced morbidity to main organs at risk (heart, lungs, esophagus etc.) represents a major concern for radiation treatment. Advanced technologies may potentially reduce the risk of damaging normal tissue, and in particular the favorable physical characteristics of energy deposition in Hadron therapy make it a promising strategy for normal tissue dose sparing and for reducing the side effects of RT.

The skin, however, raises unique issues that deserve a separate discussion. Indeed, the initial dose build-up typical of photons is advantageous for skin sparing, compared to the higher entrance dose deriving from the pile-up of Bragg curves in the production of spread-out Bragg peaks. This effect may lead to an increase in incidence or severity of skin toxicity with a potential detrimental impact on both the RT course and the patient\'s quality of life. In addition, different amounts of dose may be delivered to the skin depending on the particular technology adopted to give proton therapy, which can rely on either passive scattering or active scanning techniques ([@B42]).

The domain of radiation-related skin side effects following proton beam therapy were recently investigated for brain tumor patients ([@B16], [@B43]). Erythema of grade 1-2 was found to be significantly correlated to skin (defined at 3 mm depth) dose volume parameters in the high dose region (*V*~35Gy~) from both passive or active scanning proton beams. In a different study on severe RD following PSPT for breast cancer, the authors identified as prognostic factors the *V*~52.5Gy~ or the *D*~10cc~ of the skin structure defined as a layer of 5 mm inward from the body contour ([@B21]).

Few studies have performed a direct comparison on RD incidence following proton versus photon treatments. Acute side effects were compared in a retrospective study on a small cohort of patients after proton beam therapy (18 patients) and IMRT (23 patients) for head and neck cancer ([@B44]). Interestingly, in their study, the authors found a greater rate of G2 RD in the proton therapy group, but no difference in the rate of G3 RD between proton and IMRT. Recently, De Cesaris et al. ([@B11]) reported on RD after treatment of 86 breast cancer patients undergoing adjuvant proton or photon RT. They observed an increase in moderate (G2) toxicity associated to proton therapy; again, no significant difference between treatment modalities was found for severe RD.

In the present study, we analyzed the data from a randomized trial on PSPT vs. IMRT treatment for inoperable NSCLC patients, and we addressed different aspects related to radiation-induced skin reactions. This study has the unique characteristic of directly comparing acute skin toxicity in a quite large cohort of patients treated at the same institution with proton or photon RT.

First, we analyzed the differences of acute skin toxicity between patients treated with IMRT and PSPT. Both the depth of the lung tumor location within the body and the passive proton technique---used in the trial patients---were expected to increase the skin toxicity of the treatment. Despite this, a key finding of our investigation was that the RT technique did not impact neither incidence nor severity of acute RD ([Figure 2](#F2){ref-type="fig"}).

Then, we evaluated the dose to the skin taking advantage of the DSHs expressly extracted for the epidermis. The DSHs were obtained by a fully automated algorithm that guarantees a high level of standardization. To account for the different patients\' sizes, the absolute DSHs were normalized using the BSA ([@B32]) as scaling factor. The DSH differences between RT modalities showed that PSPT succeeded in lowering the skin surface receiving low dose (namely, \<12 Gy), while the expected increase in entrance dose was evident for intermediate to high dose regime (i.e., higher than 25 Gy). Noteworthy, the switch in dose sparing effectiveness between PSPT and IMRT happens at a dose level in the range from 20 to 30 Gy. This range of doses is known to be strongly related to the probability of radiation-induced dermatological effects ([@B12], [@B13], [@B16]), as also confirmed in the current study by the comparison of average skin DSHs for patients grouped according to the development of severe RD ([Figure 3B](#F3){ref-type="fig"}).

Since the treatment modality did not correlate with the considered outcome, the NTCP models for severe RD were derived from the whole cohort of patients. We focused on G3 toxicity due to its high clinical relevance. Two different approaches were applied: the traditional purely dosimetric LKB model and the multivariable logistic regression modeling scheme. Both models indeed are important and can find their application in clinical practice. The multivariate logistic model is more flexible when non-dosimetric variables needs to be considered and in order to build predictive tools for improving personalized patient follow-up care. On the other hand, the LKB scheme is more robust for treatment planning optimization (gEUD is a superior evaluator than multiple DSH cut-off points), since it controls the dose distribution over all dose range.

The LKB approach highlighted a relevant surface effect (*n* = 0.62) of the dose on RD development. While the LKB *n* and *m* parameter estimates were comparable with those obtained in previous published models on acute skin toxicity ([@B1], [@B13]), a TD~50~ of 10 Gy was a relatively low dose when compared to those previous studies. However, a direct comparison was hampered by the different modeling strategy (LKB recast on DSH) or the different normalization procedure (the BSA as scaling factor) adopted in the present analysis.

On the other hand, the multivariable logistic regression model highlighted that the most and only significantly independent toxicity predictor was the skin surface receiving more than 20 Gy. The robustness of those radiobiological hints is supported by the good performances of both predictive models, which showed cross-validated ROC-AUCs close to 0.8.

The current interest in the investigation on the patterns of dose-RD response is enhanced by the increasing attention to the quality of life of patients undergoing RT, in turn triggered by the substantially improved therapeutic ratio of the modern treatment techniques. Precise knowledge of the radiobiology of acute skin radiation effects constitutes the essential basis for the development of biology-based treatment strategies. In addition, severe acute skin reactions may be prodromal of consequential skin late effects ([@B45]), thus making their prediction and, possibly, prevention even more important.

The newest proton facilities have moved toward pencil beam scanning technology. A phantom dosimetric study investigating skin dose differences between spot scanning and passively scattered proton therapy beams indicated that, on average, a lower skin dose of about 12% was delivered when active spot scanning proton beams were used ([@B42]). Thanks to the higher flexibility with an enhanced modulation capability, the combined use of active scanning beams and the inclusion of skin specific model parameters in the planning strategies may result in further skin dose sparing to minimize the occurrence of cutaneous toxicity. In this respect, we focused on two classes of NTCP models that could be easily ported on the most common treatment planning systems used in the clinical practice. Indeed, the DSH formalism can be implemented following the procedure suggested in ([@B23]), thus directly allowing for the application of the dose constraints (e.g., *S*~20Gy~) derived by the logistic approach. On the other side, the estimation of the *n* parameter of the LKB strategy can be exploited for treatment plan optimization by constraining the gEUD, which is a widespread empirical model available in several commercial systems.

In order to improve our understanding of the mechanisms underlying radiation-induced skin damage, future direction of the research is the inclusion of spatial information of dose distributions within the analysis of skin toxicity, as already performed for different toxicity endpoints after RT ([@B46]--[@B50]). The extraction of organ Dose-Surface Maps ([@B51], [@B52]) may allow for an enhanced prediction of RT toxicity based on the knowledge of the most radiosensitive skin areas.

Additional issues to be considered when modeling RD should be the impact of CHT treatments and of different RT dose fractionation schemes. Radiation-related skin side effects have been associated to different patient-related factors such as the use of radiosensitizing CHT and/or biologics ([@B1]). In particular, both incidence and severity of RD may be increased by concomitant CHT, although conflicting results are reported in the available literature. For example, a randomized comparison of patients treated for anal cancer by RT alone or combined with CHT found overall RD in 76% for radiation alone versus 93% for combined modality therapy ([@B53]). In contrast, a three-arm randomized trial in advanced larynx cancer found similar Grade 3--4 acute skin toxicities for patients receiving RT alone (9%), concurrent RT-CHT (10%), and sequential CHT-RT (7%) ([@B54]). Rates of acute and late skin toxicity were not significantly different also in a retrospective analysis of breast cancer patients undergoing lumpectomy with or without adjuvant CHT followed by hypofractionated RT ([@B55]). Recently, a multivariable NTCP analysis did not highlighted any effect of CHT on severe RD in breast cancer patients ([@B13]).

As regards to dose fractionation, greater dose per fraction are generally of concern to normal tissue toxicities. However, data on adverse skin reactions on patients who underwent Stereotactic Body Radiation Therapy (SBRT) is still limited ([@B1]). Suggested skin SBRT dose constraints (for toxicity grade ≥ 3) were D~10cc~ \<23 Gy, for one single fraction of 34 Gy, and D~10cc~ \<30-33 Gy for a total dose of 40-60 Gy in 4-5 fractions ([@B56]). Interestingly, these dose constraints are in the range of doses strongly related to the probability of RD ([Figure 3B](#F3){ref-type="fig"}).

In the cohort analyzed in the current study, all patients received concurrent CHT and standard fractionation regimens. Future studies on large cohorts of patients undergoing RT with and without the use of CHT treatments and with different fractionation size are warranted in order to shed light on the possible CHT enhancement factor and fractionation effects.

A potential limitation of the study is related to the dose calculation uncertainties in the first few millimeters from body surface, which may be relatively large. However, in order to quantify their impact on the modeling results, Mori et al. ([@B15]) performed a sensitivity analysis showing that dose uncertainty has negligible impact on logistic regressions coefficients. Furthermore, the percentage differences between the measured dose to the skin and the estimate of the treatment planning system with passively scattered proton beams was evaluated in ([@B42]). The average measured doses resulted to be only 2% lower than the average calculated doses.

In conclusion, despite skin toxicity has long been considered a potential limiting factor in the clinical use of proton beam therapy, no significant differences in RD incidence was found between IMRT and PSPT in the analyzed trial. The developed NTCP models for the prediction of severe RD, once externally validated, may advance treatment planning optimization for the implementation of skin sparing techniques.
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